After a yeast two-hybrid screen identified prosaposin as a potential interacting protein with the nicotinic acetylcholine receptor (nAChR) subunit ␣10, studies were performed to characterize prosaposin in the normal rodent inner ear.
Introduction
Mechanosensory hair cells of the organ of Corti transmit information regarding sound to the CNS by way of peripheral afferent neurons. The CNS feeds back and regulates this process through efferent cholinergic neurons (the olivocochlear pathway). This efferent system can be subdivided into the lateral efferents that terminate on the afferent dendrites innervating the inner hair cells (IHCs), and the medial efferents that directly terminate onto IHCs (only during development), and later directly onto outer hair cells (OHCs) (Simmons, 2002) . Activation of the efferent system, either by sound or by direct electrical stimulation, is inhibitory, causing reduced tuning and sensitivity of the cochlear afferents (Galambos, 1956; Wiederhold and Kiang, 1970; Klinke and Galley, 1974; Eybalin, 1993) .
It is now widely held that efferent-mediated OHC inhibition occurs via activation of the heteromeric nicotinic acetylcholine receptor (nAChR) ␣9␣10, with subsequent activation of the calcium-activated potassium channel SK2 (Elgoyhen et al., 1994 (Elgoyhen et al., , 2001 Flock and Russell, 1976; Fuchs and Murrow, 1992a,b; Lustig et al., 2001; Martin and Fuchs, 1992) . Although this "twochannel" hypothesis remains attractive for describing many aspects of OHC inhibition, it fails to account for other observations, including evidence for a muscarinic pathways of hair cell inhibition (Shigemoto and Ohmori, 1991; Niedzielski and Schacht, 1992; Ogawa et al., 1994) . Furthermore, the application of ryanodine has been shown to alter calcium-induced potassium currents in mammals, whereas the ryanodine receptor agonist caffeine has been shown to cause shortening and decreased potassium conductance of OHCs (Slepecky et al., 1988; Skellett et al., 1995; Yamamoto et al., 1995; Evans et al., 2000; Baker et al., 2004; Lioudyno et al., 2004) .
Together, these studies suggest that activation of the nAChR ␣9␣10 may have more complicated downstream effects than hypothesized previously. Studies in OHCs by Sridhar et al. (1997) demonstrating variable mechanisms of calcium activation of the SK channel after nAChR activation support this notion. If true, it might be expected that the activation of nAChR ␣9␣10 by acetylcholine could mediate some of these downstream effects directly through protein-protein interactions.
To test this hypothesis, the intracellular (IC) loop of the nAChR subunit ␣10 was used as bait in a yeast two-hybrid screen of a rat cochlear cDNA library. One of the interacting binding partners identified was prosaposin, a precursor glycoprotein of four sphingolipid activator proteins, saposins A-D (O'Brien et al., 1988) . To date, neither prosaposin nor saposin functional activity has been reported in the ear or to be involved in the maintenance of hearing.
This current study characterizes prosaposin within the rat cochlea and reports on the anatomical and functional results in the organ of Corti when prosaposin function is abolished in a knockout (KO) mouse (Sun et al., 2002) . Together, the findings in this study have implications for our understanding of the development and maintenance of hearing.
Materials and Methods
Yeast two-hybrid screening A genetic screen using an enhanced Gal4 two-hybrid system (Matchmaker System 3; BD Clontech, Palo Alto, CA) was performed as recommended by the manufacturer's protocol, using the intracellular loops of the rat nAChR ␣9 and ␣10 as "bait" against a rat cochlear cDNA library. The rat nicotinic acetylcholine receptors ␣9 (380 bp) and ␣10 (279 bp) intracellular loops were PCR amplified and subcloned into the Gal4 DNA binding domain yeast expression vector pGBK T7. The resulting expression vector was transformed into the haploid Y187 competent yeast strain using the lithium acetate method and used as a bait to screen an oligo(dT) cDNA library generated from 0.17 g of polyA RNA purified from 20 cochleas of 3-to 4-week-old rats using Trizol (Invitrogen, Carlsbad, CA) for total RNA extraction and oligotex mRNA Mini kit (Qiagen, Valencia, CA) to purify mRNA. The cDNAs were PCR amplified and then purified using a Chroma Spin-400 column (Clontech) to pool cDNAs of 0.5 kb or longer, and then subcloned into the Gal4 DNA activating domain pGADT7-Rec expression vector before transformation into the haploid yeast strain AH109.
Yeast screening for potential interacting proteins with nAchRs ␣9 and ␣10 was performed by mating Y187 ␣9 or ␣10 pGBKT7 and AH109 rat cochlea cDNA library pGADT7-Rec. Transformed colonies were selected on SD-Ade/-His/-Leu/-TrpϩX-␣-gal media by selecting blue colonies indicative of a potentially positive interaction between the bait (␣9 and ␣10) and the prey (library protein). Potential positive clones were restreaked several times on SD-Leu/-TrpϩX-␣-gal plates, then replica plated on maximally selective SD-Ade/-His/-Leu/-TrpϩX-␣-gal media to ensure that colonies contained the correct phenotype. The colonies that successfully passed the reporter test were harvested for plasmid isolation using a yeast plasmid isolation kit (USB, Cleveland, OH) . AD clones were recovered by selecting on Luria broth agar plates supplemented with ampicillin. Resulting colonies were grown overnight and plasmid DNA were analyzed by restriction mapping using HaeIII (New England Biolabs, Ipswich, MA) and sequenced to identify the insert in pGADT7-Rec vector representing the putative interaction protein. Candidate interacting protein sequences were then Blasted (http:// www.ncbi.nlm.nih.gov/BLAST/) for sequence identity.
In vitro coimmunoprecipitation (co-IP) was used to independently confirm putative protein-protein interactions. After detecting proteinprotein interactions through the in vivo yeast two-hybrid screen, the vectors were used directly in the in vitro transcription-translation reaction that was performed by using the rabbit reticolocyte lysate system (TNT kit; Promega, Madison, WI) according to the manufacturer's instructions. The reaction was incubated for 90 min at 30°C in the presence of S 35 methionine. The product proteins (S 35 -␣10 ϩ cMyc tag and S 35prosaposin ϩ AH tag) were mixed, split into two tubes, and incubated for 1 h at room temperature. The anti-AH antibody was then added to one of the tubes and the anti-cMyc antibody to the other tube. The complex was isolated after a 1 h incubation at room temperature by binding to protein A beads. The beads were washed following the manufacturer's instructions and resuspended in Lammli buffer, heated for 5 min at 80°C, and electrophoresed in 15% SDS-PAGE gel. Kodak (Rochester, NY) x-ray films were exposed on the dry gels and developed, or the dry gel was visualized by autoradiography.
To more precisely localize the prosaposin and ␣10 binding region, primers with appropriate restriction digest sites were designed to span varying lengths of the prosaposin protein. These PCR products were then subcloned into the pGAD vector. Yeast two-hybrid screens as described above were then performed with the intracellular loop of nAChR ␣10 to determine binding interaction.
Outer hair cell RT-PCR
Isolated OHC reverse transcriptase (RT)-PCR was used to confirm the presence of prosaposin from microdissected populations of isolated cochlear OHCs. For single cell isolation, sections of the apical turns of the organ of Corti from 13-to 14-d-old Sprague Dawley rats were dissected and placed in a sterile saline solution [containing the following (in mM): pH 7.4, 6.8 KCl, 144 NaCl, 0.9 MgCl2, 1.3 CaCl2, 0.7 NaH 2 PO 4 , 5.6 D-glucose, 10 HEPES] and viewed under an Axioscope (Zeiss, Oberkochen, Germany) with a 63ϫ water-immersion objective using a camera with contrast enhancement. Manipulations were done under a fast flow of sterile saline solution. The pipettes for isolation of the cell content had a large tip diameter so that the whole cell content could be aspirated (rather than patch clamped). The pipettes tip were backfilled with the extraction buffer (Arcturus, Mountain View, CA) that both lyses the cells and preserves RNA from degradation. Outer hair cells were sequentially aspirated into the isolation pipette. Next, the pipette tip was broken into a 0.5 ml tube, spun down briefly in a microcentrifuge, and the supernatant of hair cells lysates were applied to Picopure columns (Arcturus). Contaminating DNA was digested in the Picopure column using RNase-free DNase I (Qiagen) for 20 min at 37°C. The total RNA was purified following the manufacturer's instructions (Arcturus).
The total RNA harvested from the OHC extractions was reverse transcribed with superscript II RNase H (Invitrogen) for 50 min at 42°C, using reverse primers of prosaposin (GGAGCCCCCTTTTGTCTTC-CCCC) combined with the reverse primer of nAChR ␣9 (ccagcgtgtgagttcagctgc) (used as a positive control for the presence of OHCs in the sample). Two microliters of RT reaction product were used for subsequent PCR (TaqDNA polymerase; Promega) of 35 cycles using the following parameters: 94°C for 30 s, 60°C for 45 s, 72°C for 1 min, followed by a final extension of 72°C for 10 min, and storage at 4°C. Primers were designed to amplify a unique sequence of rat prosaposin (604 bp) and a unique sequence of the rat nAChR ␣9 subunit (315 bp) after a second round PCR. First-round PCR primers used were as follows: prosaposin forward, gcgcgccatgtatgctctcgctc; prosaposin reverse, ccagcttgcagaagtcgcctac; ␣9 forward, gccacgccaggagccagaaca; and ␣9 reverse, ccagcgtgtgagttcagctgc. Second-round PCR primers were as follows: prosaposin forward, aggaggattgtgaccgcctcggg; prosaposin reverse, gaagagcccaagcagtctgcattgcgc; ␣9 forward, acttggggtaccagggtgggat; and ␣9 reverse, ctgagatctgccccagcgtgtga. Controls included single-cell RNA preparation without reverse transcriptase as well as samples of the background saline solution bathing the OHCs during isolation.
Analysis of each PCR sample was then performed on 2% agarose gels containing 0.5 g/ml ethidium bromide. Gels were visualized using a digital camera and image processing system (Kodak). Candidate bands were cut out and the DNA was extracted (Qiaquick gel extraction kit; Qiagen) and sequenced (Johns Hopkins DNA analysis facility, Baltimore, MD). The PCR product was then compared directly to the full rat prosaposin for sequence identity.
Microdissected OHC and Deiters' cell quantitative RT-PCR
For real-time quantitative RT-PCR, OHCs and Deiters' cells (DCs) were individually microdissected and pooled as separate populations, as described above. RNA was extracted and processed, also as described above. The expression level of prosaposin, ␣9 and ␣10 was measured by the iQ5 real time PCR (Bio-Rad, Hercules, CA). Amplification was performed in a total volume of 25 l containing 12.5 l SYBR Green I amplification master mix (Bio-Rad), 250 nM of each forward primer (prosaposin, 5Јgcctcctcagaagaacgggggg 3Ј; ␣9, 5Ј acctggggtaccagggtgggat 3Ј; ␣10, 5Ј ggctggacctgttgtcctacatcg 3Ј; and ribosomal protein L19, 5Јatgtatcacagcctgtacctg 3Ј) and reverse primer (prosaposin, 5Ј gtaggcgacttctgcaagctgg 3Ј; ␣9, 5Ј ccagcgtgtgagttcagctgc 3Ј; ␣10, 5Јtggctgcgtgtccgccttgtt 3Ј; and ribosomal protein L19, 5Јttcttggtctcttcctccttg 3Ј), and 1 l of OHC or DC cDNA as template. The amplifications were always performed in triplicate wells, using a program that consisted of initial denaturation at 95°C for 3 min followed by a 40 cycles of denaturation at 95°C for 10 s and annealing at 61°C for 30 s. After amplification, a melting curve was generated for every PCR product to check the specificity of the PCR (absence of primer dimers or other nonspecific amplification product). The threshold cycle (Ct) values were determined and the compared Ct value of the ribosomal protein L19 used as a house keeping gene measured in the same sample. Values for each were expressed as fold amplification over L19. Statistical differences were calculated using a two-tailed paired Student's t test, with significance noted for p Ͻ 0.05.
Rat prosaposin immunohistology
Sprague Dawley rats at varying time points [postnatal day 1 (P1), P5, P10, P15, P21, P30] were anesthetized, and their cochleae were isolated, dissected, perfused through the round window by 2% paraformaldehyde in 0.1 M phosphate buffer (PB) at pH 7.4, and incubated in the same fixative for 2 h. After fixation, cochleas were rinsed with PB and immersed in 5% EDTA in 0.1 M PB for decalcification. When cochleas where totally decalcified (ϳ3 d), they were incubated overnight in 30% sucrose for cryoprotection. The cochleas then were embedded in OCT Tissue Tek compound (Miles Scientific, Naperville, IL). Tissues were cryosectioned at 10 -12 m thickness for immunohistochemistry, mounted on Superfrost microscope slides (Erie Scientific, Portsmouth, NH) and stored at Ϫ20°C until use.
For immunofluorescent staining of the normal rat cochlea, a rabbit polyclonal prosaposin antibody was made toward the C-terminal end of mouse prosaposin, corresponding to saposin D (generously provided by Dr. Greg Grabowski, University of Cincinnati, Cincinnati, OH). The antibody was created by subcloning the coding region of saposin D into a pET vector, overexpressing in Escherichia coli, and then purification of the antibody on a nickel column, as described previously (Leonova et al., 1996) . Polyclonal antibodies toward saposin D were then raised in New Zealand white rabbits. In some experiments, 4,6-diamidino-2phenylindole (DAPI) was also used as a double label to identify cell nuclei. After incubation at 37°C for 30 min, the sections were rinsed twice for 5 min in 0.1 M PBS, pH7.4, and then preincubated for 1 h in 0.3% Triton X-100 and 30% normal goat serum (NGS). The sections where then incubated in a humid chamber overnight at 4°C with antiprosaposin antibody (1:200) diluted in PBS. Slides were then rinsed (two times for 10 min) and incubated for 2 h in goat anti-rabbit IgG conjugated to Cy2 or Cy3 diluted to 1:3000. The sections were rinsed in PBS (two times for 10 min) and mounted in equal parts glycerol/PBS and coverslipped. Slides treated with the same technique but without incubation in the primary antibody were used as a control. Slides were observed with a Zeiss microscope with epifluorescence equipment.
For double and triple labeling along with prosaposin, tissue sections were prepared as described above and slides were observed with an Olympus (Tokyo, Japan) microscope with confocal immunofluorescence. Additional markers and antibodies for staining were used as follows. For phalloidin, after the removal of the secondary antibodies and before the final washes, sections were stained with rhodamine phalloidin (Invitrogen) from a stock solution of 200 U/ml methanol and diluted 1:100 in PBS for 50 min. For synaptophysin, mouse anti-synaptophysin monoclonal antibody (Millipore, Billerica, MA) was used at 1:500 dilution and incubated over night at 4°C. For choline acetyl transferase (ChAT; Millipore), goat anti-choline acetyltransferase affinity purified polyclonal antibody was used at 1:75 and incubated over night at 4°C. In some cases the fluorescent dye DAPI (1.5 g/ml in PBS; Sigma, St. Louis, MO) was also used to counterstain nuclei. After the removal of the secondary antibodies and before the final washes, the sections were exposed for 15 min at room temperature to DAPI; staining allowed visualization of the nuclei together with immunofluorescence.
Knock-out mouse histopathology
Light microscopy. Prosaposin knock-out mice (generously provided by Dr. Greg Grabowski) (Sun et al., 2002) ranging from P12 to P30 were anesthetized and their cochleae were isolated, dissected, perfused through the round window with both 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, and then incubated in the same fixative overnight at 4°C. The cochleae were rinsed with 0.1 M PB and post fixed in 1% osmium tetroxide for 1 h. The bone surrounding the cochlea was thinned and the cochlea subsequently immersed in 5% EDTA (0.2 M). The decalcified cochlea were dehydrated in ethanol and propylene oxide and embedded in Araldite 502 resin (Electron Microscopy Sciences, Fort Washington, PA) and sectioned at 15-20 m. After sections were stained with Toluidine Blue, they were mounted in Permount (Fisher Scientific, Houston, TX) on microscope slides.
Electron microscopy. The cochleae of 21-d-old mice were surgically exposed, a stapedectomy was performed, and the round window perforated. Temporal bones were preserved by gentle in vivo perfusion of fixative (1.5% glutaraldehyde and 2.5% paraformaldehyde, buffered to pH 7.4, with 0.1 M phosphate) through the perilymphatic channels, followed by postfixation in 1% phosphate buffered osmium tetroxide with 1.5% potassium ferricyanide. Ferricyanide-reduced osmium was used to improve contrast. Specimens were dissected, dehydrated, and embedded in Epon. Extra-thick block surface preparations containing the spiral ganglion as well as the organ of Corti were mounted on glass slides. The basilar membrane was measured along the tops of the pillar cells and segments of the organ of Corti with the adjacent spiral ganglion were cut from the surface preparation at selected sites with razor blade cuts made parallel to the radial nerve fibers, which are clearly visible through the osseous spiral lamina. These small pieces, containing about a 0.5 mm sector of the basilar membrane and associated spiral ganglion, were remounted and sectioned at l-2 pm in the radial plane. Ultrathin silver to gray sections were collected on Formvar films on slotted grids, stained with saturated aqueous uranyl acetate and lead citrate (0.4% in 0.15N sodium hydroxide), and examined at 60 kV in a JEOL-JEM 100S transmission electron microscope.
Hair cell counts. The cochlea from wild-type (WT) (n ϭ 5) and KO (n ϭ 5) mice were perfused with 4% PFA in 0.1 M PBS, pH 7.4, and kept in the fixative overnight at 4°C. The cochlea was washed with PBS three times for 10 min and then decalcified with 5% EDTA in 0.1 M PBS for 3 d. After decalcification, the otic capsule was then removed, followed by removal of the lateral wall, tectorial membrane, and Reissner's membrane. The remaining organ of Corti was stained with rhodamine-phalloidin (stock solution of 200 U/ml methanol diluted 1:100 in PBS) for 1 h. Thereafter, the whole mount was rinsed in PBS and further dissected into surface preparation (microdissected into individual turns), and mounted on glass slides in a mounting solution. Hair cells in the organ of Corti were visualized under the microscope equipped with epifluorescence, using a 40ϫ objective. Statistical differences between WT and KO mice were calculated for varying lengths along the cochlea (0.1 mm) using an unpaired Student's t test. Statistical significance was defined as p Ͻ 0.05.
Immunofluorescence. Tissue sections for immunofluorescence were prepared as described above for the rat. For immunofluorescent staining, two antibodies were used: neurofilament-200 (NF-200; Millipore), which labels afferent auditory fibers (Berglund and Ryugo, 1991) , and synaptophysin (Zymed, South San Francisco, CA), which labels efferent auditory fibers (Schimmang et al., 2003) . After incubation at 37°C for 30 min, the sections were rinsed twice for 5 min in 0.1 M PBS, pH 7.4, and then preincubated for 1 h in either 0.3% Triton X-100 and 30% NGS (NF-200), or 10% NGS without Triton X-100 (synaptophysin). The sections where then incubated in a humid chamber overnight at 4°C with the primary antibody (1:500 NF-200 or 1:200 synaptophysin diluted in PBS). They were then rinsed (two times for 10 min) and incubated for 2 h in goat anti-rabbit IgG conjugated to Cy3 diluted to 1:2000 in PBS. The sections were rinsed in PBS (two times for 10 min) and mounted in equal parts glycerol/PBS and coverslipped. Slides treated with the same technique but without incubation in the primary antibody were used as a control. Slides were observed with a Olympus microscope with confocal immunofluorescence.
Auditory physiology testing
All auditory tests were done in a soundproof chamber. Before acoustic testing, mice were anesthetized with an intraperitoneal injection of a mixture of ketamine hydrochloride (Ketaset, 100 mg/kg) and xylazine hydrochloride (Xyla-Ject, 10 mg/kg) with intraperitoneal boosters at one-fifth the original dose as required. Body temperature was maintained with a heating pad and monitored with a rectal probe throughout the recording periods.
ABR testing. Evoked acoustic brainstem response thresholds were differentially recorded from the scalp of knock-out mice at varying ages (ϳ2-4 weeks). Responses were recorded using subdermal needle electrodes at the vertex, below the pinna of the left ear (reference), and below the contralateral ear (ground). The sound stimuli used included click (5 ms duration; 31 Hz) and tone pips at 8, 16, and 32 kHz (10 ms duration; cos2 shaping; 21 Hz). Measurements were done using the TDT BioSig III system. For each stimulus, electroencephalographic activity was recorded for 20 ms at a sampling rate of 25 kHz, filtered (0.3-3 kHz), and waveforms from 512 stimuli were averaged. Auditory brainstem response (ABR) waveforms were recorded in 5 dB sound pressure level (SPL) intervals down from the maximum amplitude. Threshold was defined as the lowest stimulus level at which response peaks for waves I-V were clearly and repeatably present on visual inspection. These threshold judgments were confirmed by analysis of stored waveforms. Data were obtained from 12-, 15-, 19-, 22-, 25-, and 30-d-old wild-type (n ϭ 4), heterozygous (n ϭ 4), and homozygous null (n ϭ 4) mice.
Comparison of each group of animals (wild-type, heterozygote, and mutant homozygote) was performed using one-way ANOVA with Bonferroni post hoc testing. Significance was defined at p Ͻ 0.05. To enable the average and statistical calculations, an unobtainable ABR threshold (no response at 190 db or less) was defined as 90 db.
DPOAE testing. The distortion product otoacoustic emissions (DPOAEs) were measured using an acoustic probe placed in the left external auditory canal. Stimuli consisted of two primary tones (f1/f2 ϭ 1.25) digitally synthesized at 100 kHz using SigGen software. The primary tones with geometric mean (GM) frequencies ranging from 6 to 36 kHz, and equal levels (L1 ϭ L2 ϭ 60 dB SPL) were presented via two separate speakers (EC1; Tucker Davis Technologies, Alachua, FL) to the acoustic probe. DPOAE 2f1-f2 responses were recorded using an ER10Bϩ (Etymotics Research, Elk Grove Village, IL) microphone assembly within the acoustic probe and the TDT BioSig III system. Responses were amplified, digitally sampled at 100 kHz, and averaged over 50 discrete spectra. Fast Fourier transforms were computed from averaged responses. For each stimulus set, DPOAE amplitude level at 2f1-f2 was extracted and sound pressure levels for data points 100 Hz above and below the DPOAE frequency were averaged for the noise floor measurements. DPOAE level was plotted as a function of primary tone GM frequency. Statistical analysis was done using ANOVA with Bonferroni post hoc tests with significance defined as p Ͻ 0.05. Data were collected from mice at varying ages, including P15, P19, P25, and P30 for wild-type (n ϭ 4 each group), heterozygous (n ϭ 3 each group), and homozygous null (n ϭ 3 each group) mice.
Inner hair cell electrophysiology. Apical turns of the rat organ of Corti were acutely isolated at P7-P11 and P19 and viewed under an Axioscope (Zeiss) with a 63ϫ water-immersion objective using a camera with contrast enhancement. Some cells were removed to access the IHCs, but mostly the pipette moved through tissue under positive pressure. Currents from IHCs were recorded using the whole-cell patch-clamp technique and an Axoclamp 200B amplifier. Five to 10 M⍀ electrodes were used and the recordings were done at room temperature [solutions contained the following (in mM): pipette solution, 150 KCl, 3.5 MgCl 2 , 0.1 CaCl 2 , 5 EGTA, 5 HEPES, 2.5 Na 2 ATP; standard extracellular solution, 5.8 KCl, 155 NaCl, 0.9 MgCl 2 , 1.3 CaCl 2 , 0.7 NaH 2 PO 4 , 5.6 glucose, 10 HEPES]. Solutions containing ACh or extracellular solution with 40 mM potassium (to activate efferent synaptic transmission) were applied via a gravity-fed multichannel glass pipette (ϳ150 m in diameter) positioned ϳ300 m away from the organ of Corti.
Results

Yeast two-hybrid screen results
In an effort to identify potential interacting proteins with the heteromeric nAChR subunits ␣9 and ␣10 within OHCs, the IC loops of both receptor subunits were used as bait in a yeast twohybrid screen. The IC loops were chosen for several reasons: (1) it is primarily the sequence differences in the IC loops of nAChR subunits that distinguish them from one another (Galzi et al., 1991) , and (2) the yeast two-hybrid technique necessitates the use of a hydrophilic sequence as part of the screen (McNabb and Guarente, 1996) . Although repeated twice, the screen of the ␣9 IC loop subunit yielded no interacting proteins, implying either the intracellular loop of ␣9 does not bind to any proteins within the inner ear, or that the library was incomplete. In contrast, the screen with the ␣10 IC loop resulted in ϳ200 clones, which were subsequently narrowed to nine unique clones after restriction digest testing. An overwhelming majority of the original duplicate clones coded for a protein not described previously within the inner ear, prosaposin. Additional studies further localized prosaposin binding in an ϳ120 bp region, corresponding to a portion of saposin D ( Fig.  1 A) . A sequence search of this area demonstrated no known binding motifs (DNAsis software; MiraBio). In vitro coimmunoprecipitation was used as an independent verification of nAChR ␣10 and prosaposin interaction ( Fig. 1 B) . As a negative control, the intracellular loop of nAChR ␣9 was used, and did not demonstrate co-IP interaction (data not shown). This study lends additional support to the veracity of interaction between prosaposin and ␣10.
Characterization of prosaposin in the inner ear
Immunohistology was used to characterize the expression of prosaposin within the cochlea using rabbit polyclonal antisera directed against the C-terminal end of prosaposin, corresponding to saposin D (Fig. 2 ) (immunofluorescence labeling thus does not differentiate between prosaposin, an active protein in itself, and its cleaved product saposin D). Immunofluorescence staining from P1 through P30 demonstrates initially diffuse expression of prosaposin that gradually localizes to several discrete locations within the organ of Corti: IHCs and its supporting cells, inner pillar cells, and the synaptic region of the OHCs (either base of OHCs or apex of the DCs). The region that appears to be primarily responsible for the interaction with nAChR ␣10 resides between 1428 and 1536 of saposin D. B, In vitro co-IP of nAChR ␣10 and prosaposin. Lane 1 is ␣10 alone labeled by c-Myc (arrow next to strongly labeled band), probing with a c-Myc antibody. Lane 2 is prosaposin alone labeled by hemagglutinin (HA; arrow), probing with an HA antibody. Lane 3 is a co-IP labeling ␣10 (strongly) and prosaposin (weakly) probing with the c-Myc antibody. As expected, both bands corresponding to prosaposin and ␣10 are present. The larger additional bands noted are also seen in lane 1 and represent nonspecific binding of c-myc/␣10. Lane 8 is a co-IP labeling both ␣10 and prosaposin (arrows) probing with the HA antibody. This experiment independently verifies protein-protein binding between the intracellular loop of nAChR ␣10 and prosaposin.
Based on initial immunofluorescence labeling, we were unable to determine whether prosaposin was expressed in the basal region of the OHCs (which would be consistent with an interaction with the nAChR ␣10 subunit) and/or expressed in the adjacent apex of the DCs and efferent synaptic cleft. As a result, additional studies were undertaken to further refine the location of prosaposin in this region (Fig.  3) . RT-PCR on populations of 50 -200 microdissected OHCs clearly demonstrated the presence of both nAChR ␣9 (positive control) and prosaposin from the same starting RNA sample (Fig. 3A) . To verify that extracted OHC tissue did not contain contaminants from other cell types, we tested for a gene expressed specifically in DCs, the supporting cells located just beneath the OHCs. DCs, but not OHCs, express the glutamate/aspartate transporter GLAST1 (Furness et al., 2002) and we tested our OHC extract for GLAST1 to verify that the microdissection technique can yield pure populations of OHCs without supporting cell contaminants. As shown (Fig. 3A) , GLAST1 was not amplified after two rounds of RT-PCR from 200 microdissected OHCs, but was clearly identified in 50 DCs from a similar number of rounds of amplification.
After these studies, additional attempts to localize prosaposin to OHCs and/or DCs included double-label immunohistology with prosaposin and either phalloidin (labeling the stereocilia and portions of the OHC membrane), synaptophysin (an auditory efferent terminal label), or ChAT ( Fig. 3B-E) . Double labeling prosaposin with phalloidin ( Fig. 3B) shows that prosaposin is predominantly located below the basilar pole of the OHC. Double labeling with synaptophysin ( Fig. 3C ) also shows that prosaposin is predominantly located at or below the efferent auditory terminal label and in the DCs. Last, triple labeling with ChAT and DAPI (labeling cell nuclei), either in the rat (Fig. 3D) or mouse ( E) also shows that prosaposin localizes below the OHC, in the efferent synaptic cleft and DCs. Together, these studies demonstrate that prosaposin protein (and/or saposin D protein, because the antibody labels both) predominantly exists in the apex of the DCs and the efferent synaptic cleft between the OHCs and DCs.
Because initial RT-PCR studies (Fig. 3A) clearly demonstrated prosaposin mRNA in the OHC, at odds with the immunofluorescent labeling studies, additional real-time quantitative RT-PCR was used for additional characterization of prosaposin in OHCs versus DCs (Fig. 3F ) . These quantitative studies, in populations of 200 OHCs and DCs, demonstrate that DCs transcribe a larger amount of prosaposin mRNA than OHCs, although OHCs clearly do make prosaposin mRNA as well. On average, when compared with the ribosomal housekeeping gene L19, there was a 4-fold increase in prosaposin concentration in OHCs and a 6.5-fold increase in DCs. However, in contrast to standard RT-PCR from smaller populations of microdissected OHCs, in the quantitative-PCR experiments, we consistently obtained small amounts of GLAST1 in the OHC preparation (indicative of some DC contamination), whereas we never had ␣10 contamination in the DC samples (indicating relatively pure populations of DCs), although this level of GLAST1 was not enough to account for the presence of prosaposin mRNA in the OHC samples.
The discrepancy between these immunohistology and RT-PCR studies showing prosaposin mRNA in OHCs but not translated protein might be accounted for by the antibody, which is directed against the c-terminal region of prosaposin, corresponding to the region encoding saposin D. Prosaposin, which itself can be an active protein, is also post-translationally cleaved into one of four saposins, A-D. If the predominant saposin in the OHC was another saposin (such as saposin C), then prosaposin mRNA would be detected in the OHC, whereas immunohistology would Figure 2 . Developmental expression of prosaposin in rat cochlea. Immunofluorescence staining of prosaposin (green), rhodamine-phalloidin (red), and DAPI (blue) with a semitranslucent transmitted light micrograph overlay from P1 through P30 demonstrates initially diffuse expression of prosaposin throughout the primitive organ of Corti that gradually localizes to several discrete locations within the organ of Corti, including the IHCs and its supporting cells, inner pillar cells, and synaptic region of the OHCs (either base of OHCs or apex of the DCs). At P5 there is increased signal in the regions of the IHC and OHC relative to surrounding tissues. By P10, labeling can be clearly differentiated in the region of the basal OHCs or apical DCs, IHCs, and inner pillar cells. This labeling pattern is refined, with further loss of label in surrounding cells through P30, with localization to regions surrounding the IHC, inner pillar cell, and base of OHC and/or apex of DC. In each panel, an asterisk is placed above the IHC, three small arrows are placed above the OHC, and the central of the three Deiters' cells is marked by a D where clearly visible (after P10). The tunnel of Corti is outlined in white and labeled TC. Scale bars, 10 m. only detect saposin D, and not saposins A-C. Unfortunately, microdissected OHCs do not yield enough protein to perform an adequate Western blot analysis, which might resolve this discrepancy, whereas available saposin C antibodies have not been able to resolve this question (data not shown).
Prosaposin knock-out mice studies
To gain some insight into the possible functional role of prosaposin or saposins A-D within the organ of Corti, prosaposin knock-out mice were studied (Sun et al., 2002) . It has previously been demonstrated that both prosaposin and one of its mature, cleaved proteins, saposin C, can cause neuronal outgrowth in cell cultures (O'Brien et al., 1995) . The CNS effects of such a muta-tion have already been described (Sun et al., 2002) , however the effects on the auditory pathway and end organ have not been reported. Because the homozygote (Ϫ/Ϫ) KO mice uniformly expire shortly after P30, all studies were performed before this time. In contrast, the heterozygotes and WT live normally with no apparent functional deficits for at least 1 year.
Initial studies were undertaken to verify the phenotype within these mice. As shown (Fig. 4) , homozygote prosaposin KO mice lack prosaposin expression within the organ of Corti (Fig. 4 A) . The immunofluorescence results are similar to those seen in Figure 3E . Western blot analysis in the KO mouse also demonstrates a lack of prosaposin expression within the brain, a known location of prosaposin, in contrast to heterozygote and WT mice ( Fig. 4 B) . Some bands of unexpected size are seen in the brain samples of each of the mice, including the KO mice and, thus, this likely represents nonspecific binding. These studies also demonstrate that prosaposin expression in the mouse (Fig. 4 A) is similar to that in the rat (Figs. 2, 3) , indicating little, if any variability in prosaposin expression patterns in rodents.
Functional analysis of hearing in KO mice
Hearing in these knock-out mice was tested using standard ABR threshold analysis and DPOAEs. Mice were bred in an FVB background, a strain with minimal auditory deficits. In mice, detectable ABR thresholds are typically not seen until after P14 (Kraus and Aulbach-Kraus, 1981) . Mice at varying ages were thus tested through P30 (Fig. 5A) using clicks, and at 8, 16, and 32 kHz (Fig. 5A,B ). As shown (Fig.  5A ), all mice demonstrate normal auditory development through P19, with ABR thresholds being statistically significantly higher in the homozygotes as compares to heterozygotes and WT. After P19, however, hearing in the homozygote KO mice declines rapidly whereas hearing stays normal in the heterozygote and WT mice. DPOAEs were also obtained from mice at these same ages. Before P19, DPOAE amplitudes are significantly reduced at very low (8 kHz) and high (32 kHz) frequencies for the homozygotes as compared with heterzygotes and WT mice (Fig. 5C ). By P30, DPOAEs are significantly reduced at all frequencies tested for the KO mice as compared with heterozygotes and WT (Fig. 5D) .
Cochlear knock-out histology
The inner ears of P12-P30 homozygote KO, heterozygote, and WT mice were analyzed using standard histological analysis (Fig.  6) to gain a better understanding of the effects of such a mutation on inner ear anatomy and to better understand why the homozygote mice rapidly lost hearing after P19. As expected, the WT Intense prosaposin labeling is also noted in the IHC region (asterisk). C, Double labeling of rat organ of Corti with prosaposin (red) and synaptophysin (green) demonstrates that prosaposin predominantly lies at or below the efferent synaptic cleft (arrow) below the base of the OHC, again suggesting predominant prosaposin labeling in the apex of the DCs or efferent synaptic cleft. Once again, strong prosaposin labeling is also noted in the IHC (asterisk). TM, Tectorial membrane. D, E, Triple labeling of prosaposin (red), ChAT (green), and DAPI (blue labels nuclei) in either rat (D) or mouse (E) organ of Corti, demonstrates that prosaposin resides largely in the efferent synaptic cleft and the apex of the DCs. For orientation, the OHCs, pillar cells, and IHC (asterisk) are outlined in white, whereas the tunnel of Corti (TC) is labeled, as are the third OHC and DC nuclei. F, To resolve the discrepancy of the RT-PCR and immunofluorescence results regarding prosaposin in OHCs, quantitative real-time PCR of microdissected OHCs and DCs was performed. Compared with L19, a ribosomal housekeeping gene, prosaposin shows a 4-fold amplification in OHCs (P-OHC) and a 6.5-fold amplification in DCs (P-DC), indicating higher levels of prosaposin mRNA in DCs as compared with OHCs. For comparison, both nAChR ␣9 and ␣10 show a marked decrease in concentration as compared with L19 in OHCs (␣9-OHC and ␣10-OHC, respectively). As a control, there is no ␣10 identified in DCs, indicating a relatively pure population of cells. Together, these studies suggest that prosaposin exists mostly in DCs or the efferent synaptic cleft, whereas the OHCs contains a much smaller concentration of prosaposin. Error bars indicate SEM. Scale bars, 10 m. mice had normal organ of Corti anatomy ( Fig. 6 A, C, E, G) . The heterozygote mice (data not shown) show normal overall cochlear morphology and bony anatomy, but do demonstrate a subtle cellular hyperplasia of the cells lining the region of the inner sulcus and greater epithelial ridge.
In contrast, there were a number of abnormalities identified in the organ of Corti of the homozygote KO mice (Fig.  6 B, D, F, H ) . As early as P12 ( Fig. 6 A) , there is cellular hypertrophy in the region of the inner hair cell, which continues through P30 (Fig. 6 F, H, black arrows, only shown through P25). By P15, a small bulge of tissue appears in the tunnel of Corti adjacent to the inner pillar cell, which increases in size through P30 (Fig.  6 D, H, red arrows) . OHC anatomy also becomes distorted through P30, with hypertrophy of the DCs, and loss of OHCs at the cochlear apex (see below). There is also increasing hypertrophy of the cells lining the inner sulcus. Otherwise, the inner ear appears normal, with intact Reisner's membrane, stria vascularis, spiral ganglion, and cochlear scalae.
These changes appear even more striking in electron micrographs (Fig. 7) . As compared with WT ( Fig. 7A) , the KO mice show marked cellular hypertrophy in the region of the IHC (Fig. 7 B, C) , bulging tissue into the tunnel of Corti (Fig. 7 B, C,E) , and hypertrophy of the inner sulcus region (Fig. 7D ). In the region of the OHCs, DCs are hypertrophied ( Fig. 7F ) and there is vacuolization within the OHCs (Fig. 7F-H ) . The synaptic cleft between the OHC and the DCs is also abnormally enlarged (Fig. 7H ) .
Initial studies demonstrated loss of OHCs at the cochlear apex and, thus, cytocochleograms were obtained for both IHCs and OHCs (Fig. 8) . Compared with WT mice, there is a loss of up to 40% of OHCs in the cochlear apex of the prosaposin KO mice, extending through the first 2 mm of the cochlear duct. In contrast, IHC numbers are normal throughout the cochlea.
Immunofluorescent histology of knock-out mice
To gain a greater insight into the nature of the histologic changes seen in the organ of Corti in the KO mice, immunofluorescence using antibodies toward synaptophysin, which labels efferent auditory fibers (Schimmang et al., 2003) , and NF-200, which labels afferent auditory fibers (Berglund and Ryugo, 1991) , was undertaken ( Fig. 9) . Histologic sections were analyzed from mice at P11, when the auditory system was functionally immature, and at P21, a time at which the heterozygote and WT mice had mea-surable ABR thresholds, but by when the KO mice had lost a significant amount of hearing.
At P11 (Fig. 9A) , NF-200 demonstrated normal labeling in the wild-type and heterozygote mice, with signal in the region of the inner hair cells and along the afferent projections to the spiral ganglion (Wiechers et al., 1999) . In contrast, there was barely a Corti. A, B , Compared with WT mice (A), homozygote prosaposin KO mice lack prosaposin expression within the organ of Corti (B). TC, Tunnel of Corti. C, In the homozygous (KO) mice, Western blot analysis demonstrates a lack of prosaposin expression within the brain, a known location of prosaposin, in contrast to heterozygote and WT mice (black arrow). In all three brain lanes, there is nonspecific banding (red arrows); because the band also appears in the KO sample, it is not prosaposin labeling. The nonspecific band does not appear in the cochlear samples, and, thus, the labeling seen in the cochlea likely represents true prosaposin labeling. The brain serves as a positive control whereas the liver serves as a negative control in each experiment. A, B , Mice at varying ages were tested through P30 (A) using clicks, and at 8, 16, and 32 kHz (B). A, All mice demonstrate normal auditory development through P19, although ABR thresholds are statistically significantly higher in the homozygotes as compared with heterozygotes and WT. After P19, however, hearing in the homozygote KO mice declines rapidly whereas hearing stays normal in the heterozygote and WT mice. C, DPOAEs were obtained from mice at these same ages. Before P19, DPOAE amplitudes are significantly reduced at very low (8 kHz) and high (32 kHz) frequencies for the homozygotes as compared with heterzygotes and WT mice. D, By P30, DPOAEs are significantly reduced at all frequencies tested for the KO mice as compared with heterozygotes and WT. nf, Noise floor. perceptible staining pattern in the homozgote KO mice at this same age (Fig. 9B ). By P21 however (Fig. 9C,D) , the mutant mice developed an intense NF-200 staining pattern in the region corresponding to the cellular proliferation surrounding the inner hair cell that was seen on light and electron microscopy, indicating an exuberant growth of afferent terminals surrounding the IHCs. This staining pattern suggests a delay in the development of afferent terminals in the KO mice initially (at P11), with subsequent prolific sprouting by P21.
Synaptophysin has a slightly different staining pattern in the mutant mice ( Fig. 9E-H ) . Again, the WT and heterozygote mice had identical and predicted staining patterns, with labeling in the regions of the IHCs and OHCs (Knipper et al., 1995) . At P11 (Fig.  9F ) , the homozygous KO mice demonstrate slightly decreased staining intensity in the region of the inner hair cells, and little to no staining in the region of the OHCs. By P21 (Fig. 9H ) , the homozygote KO mice show a small amount of signal in the region of the OHCs, and an intense staining pattern in the region of the tunnel of Corti, precisely correlating with tissue bulge into the tunnel of Corti seen in the light and electron micrograph sections (compare Figs. 6 F, H, 7B-C,E) . This staining pattern strongly suggests that the tissue bulging into the tunnel of Corti represents a proliferation of efferent nerve terminal endings attempting to cross the tunnel of Corti on their way to the OHCs. It should be noted that the staining does not allow differentiation between medial efferents (which synapse onto IHCs during development, but are subsequently lost, and synapse later onto OHCs) and lateral efferents (which synapse onto the afferent dendrites of the IHCs).
Hair cell electrophysiology
Functional effects on innervation were examined by whole-cell voltage-clamp recordings from hair cells in the excised organ of Corti of heterozygous and homozygous prosaposin deficient mice. However, despite repeated attempts, no adequate recordings could be obtained from OHCs in the homozygous organ of Corti. In the few whole-cell recordings that were achieved, large leak currents were found, and active membrane currents were poor or absent. These results are likely to be related to the OHC histopathology observed with electron microscopy and justified the conclusion that assessment of cholinergic function in these cells would not be reliable. Then, as an alternative, we took advantage of the transient efferent synapses formed on IHCs in the first two postnatal weeks . Thus, we recorded current-voltage I-V relationships from IHCs before the onset of hearing (P7-P11) and at ϳ3 weeks of age (P19) (Fig. 10) . The I-V relationships of prosaposin heterozygous (ϩ/Ϫ) and homozygous (Ϫ/Ϫ) mice did not exhibit any obvious changes compared with (ϩ/ϩ) mice: at P7-P11, IHC I-V relationships showed Ca 2ϩ inward currents and delayed rectifier potassium currents for WT (six IHCs), heterozygote (ϩ/Ϫ) (six IHCs), and homozygote mutant (Ϫ/Ϫ) mice (three IHCs) ( Fig. 7A) . At P19, homozygote (Ϫ/Ϫ) IHC I-V relationships exhibited the usual substantial large conductance potassium channel (BK channel) potassium current that appears after the onset of hearing, which can be identified by its fast activation time compared with the slower activation time of delayed rectifier potassium currents [homozygote (Ϫ/Ϫ); three IHCs] (Fig. 10 B) . In mouse IHCs, BK potassium currents start to be expressed around the onset of hearing (P14) (Kros et al., 1998) .
We next examined cholinergic synaptic function in prosaposin (Ϫ/Ϫ) mice. In wild-type animals, IHCs receive direct cholinergic efferent input from the medial efferent neurons during the first two postnatal weeks. Cholinergic innervation is lost from Figure 6 . Cochlear histology in the prosaposin knock-out mice; mouse organ of Corti histology when the neuritogenic region of saposin C is mutated to become nonfunctional. A, C, E, G, Normal P12, P19, and P25 (low and high magnification) wild-type (ϩ/ϩ) mouse organ of Corti histology (A, C, E,40ϫ magnification; G, 100ϫ magnification). B, D, F, H, The homozygous (Ϫ/Ϫ) mouse organ of Corti at varying ages (P12, P19, and P25 at low and high magnification). The gross morphology (e.g., number of turns) is identical to the wild-type, as is the spiral ganglion cell number and cellular morphology. Beginning at P15 and increasing through P30, there is marked hyperplasia of cells surrounding the inner hair cell and in the region of the inner sulcus and greater epithelial (F, H, black arrow highlights this change). There is also some tissue bulging into the tunnel of Corti from the inner hair cell region, noted as early as P15, and here labeled at P19 and P25 (D, H, red arrows). DCs also appear larger than normal with an ill-defined border between the DCs and the OHCs in animals beyond P25 (most notable in F ).
IHCs after the onset of hearing, but maintained in the OHCs (Simmons, 2002) . This is seen as the loss of response to exogenous ACh and efferent synaptic currents in IHCs after the onset of hearing .
We tested IHCs for ACh-activated currents and also for efferent synaptic activity in cochleae before and after the onset of hearing: at age P7-P11 we found ACh-activated currents and efferent synaptic currents in IHCs from wild-type mice (six of six IHCs), prosaposin (ϩ/Ϫ) mice (six of six IHCs), and also prosaposin (Ϫ/Ϫ) mice ( Fig. 10C ) (three of three IHCs). The AChactivated currents (100 M ACh) were inward at a holding potential of Ϫ90 mV and outward at Ϫ50 mV, suggesting, that both ACh receptors and SK current were functional. In all animals tested, including the prosaposin (Ϫ/Ϫ) mice, application of 25 mM potassium induced an inward current caused by the change in the potassium reversal potential in IHCs, and also activated synaptic activity (Fig. 10 E) . At age P19, prosaposin (Ϫ/Ϫ) mice showed the normal developmental loss of cholinergic sensitivity: application of ACh did not elicit any currents (Fig. 10 D) . Application of 25 (or 40) mM potassium induced an inward current, but did not activate any efferent synaptic activity (three of three IHCs) ( Fig. 10 F) . In summary, in prosaposin (Ϫ/Ϫ) mice, the efferent fibers contacting IHCs behave as those found in the wildtype. Before the onset of hearing, efferent synapses mediate cholinergic synaptic activity, and after the onset of hearing, efferent synaptic function and sensitivity to ACh is lost at the IHC.
Discussion
This work identified a here-to-fore unknown cochlear gene product, prosaposin, from a yeast two-hybrid screen using the hair cell nAChR subunit ␣10 as bait. Prosaposin knock-out mice became deaf, suffered a loss of OHCs in the cochlear apex, and had striking abnormalities of neuronal innervation. These results suggest that prosaposin, and/or one of its mature cleaved end-products, saposins A-D, is involved in the maintenance of normal neural connectivity within the mammalian organ of Corti.
A question remains, however, whether there is a true physiologic interaction between nAChR subunit ␣10 and prosaposin in the ear. Findings suggestive of a prosaposin-␣10 interaction include the fact that prosaposin was identified through a yeast twohybrid protein-protein binding assay using ␣10, the overlapping distribution of prosaposin and ␣10 mRNA in outer hair cells, prosaposin immunoreactivity in the adjacent synaptic cleft and apical Deiters' cells, and a loss of apical OHCs and reduced DPOAEs in the prosaposin KO mice, implying an efferent, OHC effect. In contrast, factors suggesting an alternate role for prosaposin in hearing not related to ␣10 function include the broader expression pattern of prosaposin beyond hair cells including Deiters' cells and the unusual neural morphology of KO mice that is quite different from the described ␣10 KO mouse (Murthy and Vetter, 2006) .
Although not reported previously, it is reasonable to surmise that there are protein-protein interactions involving the intracellular loops of the nAChR ␣9␣10 within OHCs. For example, the intracellular loop of the nAChR subunit ␣4 has been shown to directly bind to the chaperone protein 14 -3-3eta to assist with subunit stabilization, as well as the calcium sensor protein visinin-like protein-1, thought to modulate the surface expression and agonist sensitivity of the ␣4␤2 nAChR (Jeanclos et al., 2001; Lin et al., 2002) .
Prosaposin, a precursor of saposins A-D, is a multifunctional protein that has both intracellular and extracellular functions, most notably stimulating the hydrolysis of a number of sphingolipids (Kishimoto et al., 1992) . Mutations in saposin C have been linked to lysosomal storage diseases such as Gaucher's disease (Horowitz and Zimran, 1994) . Additionally, prosaposin and saposin C can act as neurotrophic factors in culture, bind to a putative G 0 -coupled cell surface receptor, and may be involved in the prevention of cell death Hiraiwa et al., 1997; Campana et al., 2000; Misasi et al., 2004) . The region responsible for this "neuritogenic" effect is a 22 amino acid region within saposin C . There is evidence that saposin D acts as an acid ceramidase inhibitor, whereas mice deficient in saposin D demonstrate renal pathology, imbalance, and loss of cerebellar Purkinje cells (Matsuda et al., 2004) .
The aberrant hypertrophy of auditory efferent and afferent fibers in the KO mice may be a result of failed path-finding or innervation normally supported by prosaposin or saposins A-D. This suggests that feedback signals that normally terminate auditory afferent and efferent outgrowth fail in the prosaposin KO. The prosaposin KO mice demonstrate a trend toward normal hearing development through P19, but rapidly lose hearing after this ( Fig. 5 ), suggesting that the consequences of altered innervation appear to be gradual, presumably relating to the progressive degeneration and loss of OHCs in the knock-outs. In addition to a loss of the "cochlear amplifier" provided by OHC electromotility, it is possible that afferent activity is reduced or desynchronized, consistent with central neuronal demyelination and degeneration also found in the prosaposin knock-out (Sun et al., 2002) . Again, whether these changes are related to an interaction between prosaposin and ␣10 is unclear.
The substantial structural and functional changes seen in the prosaposin KO mice leave the IHCs relatively unscathed, and voltage-clamp recordings revealed no obvious defects of IHC electrophysiology. In particular, cholinergic sensitivity and synaptic activity appeared normal, and disappeared on schedule after the onset of hearing, as in WT mice. Furthermore, the usual developmental changes in excitability caused by the postnatal acquisition of large-conductance, BK potassium channels (Kros et al., 1998) also occurred in the knock-out IHCs. In contrast, even by P19 the knock-out OHCs were sufficiently damaged so that the patch-clamp recording was not possible, and apical OHCs, but not IHCs degenerate and disappear from the knockout cochleae. Thus, a deficit in prosaposin preferentially targets the OHCs, perhaps relating to the markedly aberrant efferent outgrowth.
Although the present work shows a number of potential connections between prosaposin and ␣10, genetic deletion of the nAChR subunit itself does not produce identical effects. In particular, the loss of ␣10 does not cause hearing loss, OHCs do not degenerate, and efferent nerve fibers find their way across the tunnel of Corti to make contacts on the base of OHCs (Murthy and Vetter, 2006) . One possible related observation is that only C, D) . The staining pattern shows intense labeling at P11 in the wild-type (identical to the heterozygote) (data not shown), but weak labeling in the homozygote by comparison. By P21, the heterozygote has a normal amount of labeling, whereas the homozygote has an abundance of labeling in the region corresponding the hypercellular region surrounding the inner hair cell seen in Figures 6 and 7 . E-H, Synaptophysin (efferent auditory neuronal) staining at P11 (E, F ) and P21 (G, H ). At P11, there is very little difference between wild-type (data not shown), heterozygous (E) and homozygous (F ) knock-out mice organ of Corti. By P21, in the WT (data not shown) and heterozygote (G), staining is noted in the region of the IHC (below asterisk) and base of the OHCs (small arrow), as expected. In contrast, in the KO mice (H ), there is a significant amount of synaptophysin staining in the regions of the tunnel of Corti (TC; arrow) and to a lesser extent, the region surrounding the IHC. There is limited staining noted in the region of the OHCs in both P11 and P21 homozygotes as compared with heterozygotes or WT at both ages. The cellular bulging into the tunnel of Corti seen in Figure 6 and 7 corresponds exactly to the intense synaptophysin staining here in the homozygote (H ). TM, Tectorial membrane. single, hypertrophic efferent endings were found on the ␣10 knock-out OHCs, compared with multiple smaller endings in wild-type mice. Similar results were observed for the ␣9 knock-out mouse (Vetter et al., 1999) . These observations reinforce the present conclusion that prosaposin or one of its cleaved products is specifically required for competent cochlear neuronal pathfinding, but may mediating these effects independent of the hair cell AChR.
One important question to ask is why we see binding between nAChR ␣10 and prosaposin, but not ␣9? Current evidence suggests that ␣9 expression in hair cells occurs before synaptogenesis, whereas ␣10 expression is concomitant with the presence of efferent fibers (Simmons and Morley, 1998; Simmons, 2002) . It is thus possible that this correlation relates to the protein-protein interaction we have identified between prosaposin and ␣10, and suggests an additional role for ␣10 along with prosaposin in establishment of neural connections. The location of the receptor subunit at the base of the hair cell would make ␣10 an ideal target for an innervating efferent neuron at a critical time during the development of hearing. Because of the tight regulation required for normal auditory system development, it would make sense that a feedback signal must be provided to "turn off" further neuronal growth when the target cell has been innervated. Perhaps prosaposin, through its interaction with ␣10, helps provide such feedback, explaining the proliferation of efferent fibers within the tunnel of Corti. Both saposin C and prosaposin can act as neurotrophic factors in vivo and in vitro (Campana et al., 2000) , which is why the findings of neurite sprouting in this KO mouse, lacking prosaposin function, are surprising. However, the present results imply that efferent, and possibly afferent auditory fibers undergo unchecked growth in the absence of the usual "targeting" signal that prosaposin provides.
The precise nature of how prosaposin would interact with ␣10 to mediate such developmental feedback is unclear. Because it is the intracellular loop of ␣10 that contains the binding region, prosaposin must either be made within the hair cell in response to an extracellular signal or, alternatively, secreted by the innervating neuron and taken up secondarily by the hair cell. Either supposition is possible because prosaposin has been described both as a neuronal surface protein as well as an excreted protein (Hineno et al., 1991; Fu et al., 1994) . Furthermore, prosaptide, a synthetic peptide comprising the neuritogenic region of saposin C, is active in solution as a neurotrophic factor and can help prevent neurotoxicity (Campana et al., 1998; Lu et al., 2000) , signifying that prosaposin may have the ability to modulate cells exogenously. Thus, the predominant presence of prosaposin within the DC and synaptic cleft, directly adjacent to the OHC nAChR, would not necessarily contradict this role. Furthermore, it is possible that saposins A-C may be the active form in the OHC, not detected by our antibody directed against saposin D (prosaposin mRNA was clearly detected within OHC). Because saposin C has been implicated as having neurotrophic properties , it would be an obvious candidate for this role, in addition to the neuronal pathfinding alterations seen here. A transgenic mouse lacking only the neuritogenic region of saposin C had been developed (Sun et al., 2002) , but unfortunately no longer exists to test the supposition that this region may be responsible for the changes seen in the prosaposin KO mouse.
Last, the findings in this study might have important potential clinical applications. There is currently a concerted effort by a number of investigators to find ways to improve neuronal survival for profoundly deaf patients who are cochlear implant candidates, because improved neuronal survival would theoretically improve cochlear implant performance (Gao, 1998; Marzella and Clark, 1999; Shepherd and Hardie, 2001; Nakaizumi et al., 2004) . If the molecular mechanism of afferent and efferent neuronal proliferation identified in this study can be teased apart and focally applied to the inner ear of profoundly deaf patients, it is possible that increased growth of afferent neurons could translate into improved performance with the cochlear implant. Further- Figure 10 . Hair cell physiology in the prosaposin knock-out mice. Cholinergic efferent synapses at the IHC show normal function in prosaposin (Ϫ/Ϫ) mice. Animals were tested before (P7-P11) and after (P19) the onset of hearing. A, B , At P7-P11, IHC I-V relationships showed Ca 2ϩ inward currents and delayed rectifier potassium currents. At P19, IHC I-V relationships also exhibited substantial BK potassium currents, which can be identified by a fast activation time compared with the slower activation time of delayed rectifier potassium currents. C, E, At age P7-P11, prosaposin (Ϫ/Ϫ) mice, like the wild-type, exhibited AChactivated currents and efferent synaptic currents in IHCs. The ACh-activated (100 M) currents were inward at a holding potential of Ϫ90 mV and outward at Ϫ50 mV, suggesting that both ACh receptors and SK current were functional. Application of 25 mM potassium induced an inward current in IHCs, and also activated synaptic activity. D, F, At age P19, prosaposin (Ϫ/Ϫ) mice showed a phenotype as expected for a normal development for efferent innervation: application of ACh did not elicit any currents. Application of 25 (or 40) mM potassium induced an inward current caused by the change in the potassium reversal potential but did not activate any efferent synaptic activity.
more, through such a pharmacologic approach, it may also be possible to repair efferent neuronal damage after loud noise exposure or ototoxic insult.
